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We compare the results of the SuSAv2 model including meson-exchange currents (MEC) with
the recent measurement of the quasielastic-like double differential antineutrino cross section on
hydrocarbon (CH) performed by the MINERvA Collaboration [1]. The relativistic nature of the
model makes it suitable to describe these data, which correspond to a mean beam energy of 3.5
GeV. The model predictions agree well with the data without need of tuning any parameter. The
role of longitudinal MEC is non-negligible and improves the agreement with the data.
Neutrino oscillation physics has become a very active
field in Physics in the last years. The knowledge and un-
derstanding of neutrino interactions with nucleons and
nuclei is a basic requirement in order to provide neu-
trino properties, i.e., oscillation parameters, masses and
the CP violation phase, with high accuracy. The in-
tense experimental activity witnessed in recent years, and
planned in the near future, with several long baseline neu-
trino experiments making use of complex nuclear targets,
aims to measure basic neutrino properties with unprece-
dented precision. However, this can only be accomplished
by having an excellent control of the medium effects in
neutrino-nucleus scattering, which represent one of the
most important sources of systematic uncertainty in the
experimental analyses [2].
Most of the recent (MiniBooNE, T2K, MINERvA,
NOvA) and future (DUNE, HyperK) neutrino experi-
ments cover a wide neutrino energy range; the neutrino
fluxes can extend from hundreds of MeV to several GeV.
This can imply very different values of the energy and
momentum transfers, hence requiring in some of the
cases a realistic description of different reaction mech-
anisms: quasielastic, two-particle-two-hole (2p2h) meson
exchange currents, nucleon resonances, pion production,
inelastic processes, etc. Furthermore, the large energy
and momentum values involved in most of the experi-
ments make it necessary to incorporate relativity as an
essential ingredient in the process; not only to describe
properly the weak reaction mechanism, but also the nu-
clear dynamics [2–4].
The SuSAv2 model [5] is an improved version of the
Super-Scaling Approach introduced in [6], which exploits
the scaling and superscaling [7] properties of inclusive
electron scattering data in order to predict neutrino-
nucleus observables. The model is fully relativistic and
takes into account the behaviour of the nuclear responses
predicted by the Relativistic Mean Field (RMF): in par-
ticular, the natural enhancement of the transverse elec-
tromagnetic response, a genuine dynamical relativistic ef-
fect, is incorporated in the model. Moreover, at high mo-
mentum transfer, where the RMF fails due to the strong
energy-independent relativistic potentials, the SuSAv2
model incorporates a smooth transition to the relativis-
tic plane wave impulse approximation (RPWIA), more
appropriate to describe the high q domain. The param-
eters associated to the RMF/RPWIA mixing are fixed
once and for all by fitting the high quality (e, e′) data on
different nuclei [8]. The model also includes ingredients
beyond the impulse approximation, namely 2p2h excita-
tions. These contributions, corresponding to the coupling
of the probe to a pair of interacting nucleons and associ-
ated to two-body meson exchange currents (MEC) [9–11],
are known to play a very significant role in the “dip” re-
gion between the quasielastic (QE) and ∆ peaks. In the
SuSAv2 approach they are treated within the Relativistic
Fermi Gas (RFG) model, which allows for an exact and
fully relativistic calculation, as required for the extended
kinematics involved in neutrino reactions.
The SuSAv2 calculation of the inclusive (e, e′) cross
section on 12C, presented in [8], provides a remarkably
good description of the data for very different kinemati-
cal situations. In order to perform such comparison the
SuSAv2 model has been extended from the quasielastic
domain to the inelastic region by employing phenomeno-
logical fits to the single-nucleon inelastic electromagnetic
structure functions. Comparisons of the SuSAv2 model
predictions to charged-current neutrino scattering ob-
servables have been shown in [12]. In particular, a good
2agreement has been achieved with the double differential
neutrino and antineutrino charged-current quasielastic
(CCQE) cross sections measured by the MiniBooNE [13]
and T2K [14] experiments, which correspond to simi-
lar mean (anti)neutrino energies < E >∼ 0.7-0.8 GeV.
The MINERvA experiment covers instead a higher en-
ergy range (1.5 − 15 GeV), which is of great interest
for the future DUNE facility [15]. In this energy region
relativistic models are needed to describe the nuclear dy-
namics, while non-relativistic calculations are bound to
fail. In this letter we compare the SuSAv2 results with
the recent MINERvA measurement of double differential
antineutrino cross section on a hydrocarbon target [1].
In Fig. 1 we show the double differential cross section
of muonic antineutrino on hydrocarbon as a function of
the transverse (with respect to the antineutrino beam)
momentum of the outgoing muon, in bins of the muon
longitudinal momentum.
For the data we use the same nomenclature employed
in the experimental paper [1]. The “QE-like” experi-
mental points include, besides pure quasielastic contri-
butions, events that have post-FSI final states without
mesons, prompt photons above nuclear de- excitation
energies, heavy baryons, or protons above the proton
tracking kinetic energy threshold of 120, thus including
zero-meson final states arising from resonant pion pro-
duction followed by pion absorption in the nucleus and
from interactions on multinucleon states. This is simi-
lar to the so-called CC0pi definitions used by other ex-
periments [13, 14]. On the contrary, the “CCQE” sig-
nal (also defined in other experiments as “CCQE-like”)
corresponds to events initially generated in GENIE as
quasi-elastic (that is, no resonant or deep inelastic scat-
ters, but including scatters from nucleons in correlated
pairs with zero-meson final states), regardless of the final-
state particles produced, thus including CCQE and 2p2h
events. The difference between the two data sets, mainly
due to pion production plus re-absorption, varies between
∼ 15% and ∼ 5% depending on the kinematics. Accord-
ing to MINERνA’s acceptance, the muon scattering an-
gle is limited to θµ < 20
◦ as well as the muon kinematics
(1.5 GeV < p|| < 15 GeV, pT < 1.5 GeV) in both exper-
imental and theoretical results, leading to a significant
phase-space restriction for large energy and momentum
transfer to the nuclear target.
The theoretical curves correspond to the above de-
scribed SuSAv2 model and include 2p2h excitations in-
duced by meson exchange currents. The antineutrino
hydrogen contribution in the cross sections only enters
through the 1p1h channel and has been evaluated by
computing the elastic antineutrino-proton cross section.
The present calculation does not include processes cor-
responding to pion emission followed by re-absorption
inside the nucleus. Therefore the curves are meant to
be compared with the “CCQE” data rather than with
the “QE-like” ones. However, we also display the QE-
like cross sections, to illustrate MINERvA’s estimation
of the magnitude of the QE-like resonance component
among other minor effects.
Notice that the agreement with the data is good in all
cases, and only a few data points are slightly underesti-
mated by our calculation. Likewise, these “CCQE” data
strongly rely on GENIE simulations, suffering from some
Monte Carlo (MC) bias and being more model-dependent
than the “QE-like” ones. For this reason, we also in-
clude in Figure 2 a comparative analysis between the
bin-averaged “CCQE” GENIE and SuSAv2-MEC predic-
tions, where the SuSAv2-MEC results seem to be larger
than the GENIE ones at the extreme pT -bins and very
close to them at the central values of pT . Overall, the
comparison with MINERνA data is not very different
for the two models, as we have checked by performing
a χ2 test using the data release from [1]. This test al-
lows us to estimate quantitatively the level of agreement
between data and predictions, accounting for the signif-
icant correlations between the data points. For 58 de-
grees of freedom (d.o.f.) we have obtained χ2/d.o.f=1.79
for SuSAv2-MEC and χ2/d.o.f=1.58 for GENIE. Even
in the case of “CCQE” data, which are clearly biased by
GENIE predictions, the χ2/d.o.f. values obtained using
the SuSAv2-MEC model turn out to be compatible with
the GENIE ones and with MINERνA data.
On the other hand, the GENIE models [16–18] com-
pared to the data in the experimenters’ paper [1] are
systematically augmented to overcome shortcomings of
the relativistic Fermi gas quasi-elastic model and to pro-
vide a 2p2h-MEC component. The latter was empirically
enhanced to describe the dip region of MINERvA’s neu-
trino data in [19], before being applied to the antineutrino
model. Such an empirical tune to the 2p2h component
simultaneously accounts for dip-region shortcomings in
the QE, 2p2h-MEC, and resonance models of GENIE.
The SUSAv2, based on RMF predictions, naturally puts
additional QE cross section strength in the dip region.
Also the 2p2h-MEC component in our model has more
strength in the dip region than the one [16, 17, 20] used
by MINERvA.
In Fig. 1 the separate pure QE and 2p2h-MEC con-
tributions are also shown: the MEC are sizeable at all
kinematics and they are essential in order to reproduce
the data. Note that here, following refs. [21, 22], we
consider only the real part of the ∆ propagator, thus ex-
cluding contributions from on-shell ∆’s; hence, no pion
production is considered in the analysis of CC0pi data.
A closer investigation of the MEC contribution is pre-
sented in Fig. 3, where we illustrate the role of the lon-
gitudinal MEC 1 for three kinematics, including those
1 Here, using the standard terminology of electron scattering stud-
ies, “longitudinal” refers to the direction of the momentum trans-
fer ~q.
3corresponding to the lowest and highest bins of pL. The
result including the full – longitudinal and transverse –
MEC contribution (solid lines) is compared to the one ob-
tained using the pure transverse currents (dashed lines).
It appears that the longitudinal two-body currents, some-
times neglected in phenomenological 2p2h models [23–
25], give a non-negligible contribution to the total cross
section, which improves the agreement with data. Note
that this is not true in the case of electron scattering,
where the longitudinal, purely vector, MEC are indeed
negligible. In the case of weak processes, however, they
are substantial in the axial channel, and they are par-
ticularly important for antineutrino reactions due to the
destructive interference between the vector and axial cur-
rents. A more detailed discussion of this point can be
found in [26].
All results shown in this work correspond to the use
of the commonly employed dipole axial nucleon form
factor with the axial mass fixed to its standard value,
MA = 1.032 GeV. The sensitivity of the SuSAv2 model
with the description of the nucleon form factors and dif-
ferent choices of the parameters in the scaling function
has been analyzed in detail in [8, 12, 27], showing very
tiny effects. Dependence of the SuSAv2 model including
MEC-2p2h (denoted as SuSAv2-MEC) on the Fermi mo-
mentum and shift energy has been also studied at depth
in [28–30], proving the robustness of the model to de-
scribe successfully (anti)neutrino cross sections for dif-
ferent nuclear targets.
Finally, the SuSAv2-MEC model, which translates
demanding microscopic calculations into a relatively
straightforward formalism, could be easily implemented
into the MonteCarlo simulation codes as was done for
[20, 31, 32] used in GENIE, NEUT, and NuWro. This
model can then be employed in the analysis of present
and forthcoming neutrino experiments. Work along this
line is presently in progress.
Summarizing, the SuSAv2-MEC has been shown to
provide a good description of the double differential ν¯µ-
CH cross sections recently measured by the MINERvA
experiment. The role of meson exchange currents has
been proved essential in order to describe the data and
the contribution of the MEC longitudinal components
has been shown to be non-negligible and to improve the
agreement with the data. The successful comparison
with these data, which correspond to a beam energy of
∼ 3.5 GeV, gives us confidence that the model, due to its
relativistic nature, can be employed for the analysis of
future high energy neutrino oscillation experiments aim-
ing to high precision measurements of the leptonic CP
violation phase.
This work was partially supported by the INFN un-
der project MANYBODY, by the University of Turin
under contract BARM-RILO-17, by the Spanish Min-
isterio de Economia y Competitividad and ERDF (Eu-
ropean Regional Development Fund) under contracts
FIS2017-88410-P, by the Junta de Andalucia (grant No.
FQM160). MBB acknowledges support from the “Emilie
du Chaˆtelet” programme of the P2IO LabEx (ANR-10-
LABX-0038). GDM acknowledges support from a Junta
de Andalucia fellowship (FQM7632, Proyectos de Exce-
lencia 2011). We thank Richard Gran (MINERvA Col-
laboration) for careful reading of the manuscript and very
helpful suggestions and Stephen Dolan (IN2P3-CNRS,
LLR and IRFU, CEA-Saclay) for his active participation
on discussions of experimental issues.
40 0.5 1 1.5
pT (GeV/c)
0
5
10
15
20
d2
σ
/d
p T
dp
|| (
10
-
40
cm
2 /(
Ge
V/
c)2
/n
uc
le
on
)
QE-like data
CCQE data
2p-2h MEC
QE
Total
1.50 < p|| < 2.00
0 0.5 1 1.5
pT (GeV/c)
0
5
10
15
20
25
30
2.00 < p|| < 2.50
0 0.5 1 1.5
pT (GeV/c)
0
5
10
15
20
25
30
d2
σ
/d
p T
dp
|| (
10
-
40
cm
2 /(
Ge
V/
c)2
/n
uc
le
on
)
2.50 < p|| < 3.00
0 0.5 1 1.5
pT (GeV/c)
0
5
10
15
20
25
3.00 < p|| < 3.50
0 0.5 1 1.5
pT (GeV/c)
0
5
10
15
3.50 < p|| < 4.00
0 0.5 1 1.5
pT (GeV/c)
0
2
4
6
8
d2
σ
/d
p T
dp
|| (
10
-
40
cm
2 /(
Ge
V/
c)2
/n
uc
le
on
)
4.00 < p|| < 5.00
0 0.5 1 1.5
pT (GeV/c)
0
1
2
3
5.00 < p|| < 6.00
0 0.5 1 1.5
pT (GeV/c)
0
0.5
1
1.5
2
6.00 < p|| < 8.00
0 0.5 1 1.5
pT (GeV/c)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
d2
σ
/d
p T
dp
|| (
10
-
40
cm
2 /(
Ge
V/
c)2
/n
uc
le
on
)
8.00 < p|| < 10.00
0 0.5 1 1.5
pT (GeV/c)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
10.00 < p|| < 15.00
FIG. 1. (Color online) The MINERνA “QE-like” and “CCQE” (see text) double differential cross sections for ν¯µ scattering
on hydrocarbon versus the muon transverse momentum, in bins of the muon longitudinal momentum (in GeV/c). The curves
represent the prediction of the SuSAv2+2p2h-MEC (blue) as well as the separate quasielastic (red) and 2p2h-MEC (orange)
contributions. The data and the experimental antineutrino flux are from Ref. [1]
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FIG. 2. (Color online) Top panels: Comparison of SuSAv2 with the MINERνA “CCQE” (see text) and GENIE “CCQE”
double differential cross sections for ν¯µ scattering on hydrocarbon versus the muon transverse momentum, in bins of the muon
longitudinal momentum (in GeV/c). The curves represent the prediction of the SuSAv2+2p2h-MEC (blue) as well as the
GENIE ones (red dashed). Bottom panels: As top panels but showing ratio of data and SuSAv2-MEC predictions to GENIE.
The comparison is quantified and expressed as χ2 per degree of freedom (d.o.f.) for 58 degrees of freedom, being χ2/d.o.f=1.79
for SuSAv2-MEC and χ2/d.o.f=1.58 for GENIE.
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FIG. 3. (Color online) As Fig.1, but showing the separate contribution of the pure transverse MEC (dashed curves) to also
stress the relevance of the longitudinal MEC channel.
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